Objective-Atherosclerosis is a chronic inflammatory disease with immune cell infiltration. Various cytokines and chemokines have been characterized as pro-or antiatherogenic factors. belongs to the IL-10 family and is a proinflammatory cytokine involved in the pathogenesis of psoriasis. However, the association between IL-20 and atherosclerosis is undetermined. Therefore, we sought to investigate whether IL-20 is associated with atherosclerosis. Methods and Results-We examined the expression of IL-20 and its receptor complex IL-20R1/IL-20R2 in atherosclerotic lesions of humans and mice using immunohistochemical staining. IL-20 was expressed in macrophage-rich areas. Both IL-20 and IL-20R1/IL-20R2 were expressed by endothelial cells lining the intimal microvessels, vasa vasorum, but rarely in nonatherosclerotic arteries. We used reverse-transcription polymerase chain reaction to analyze gene expression. IL-20 transcripts increased in hypoxic monocytes and monocytes treated with oxidized low-density lipoprotein. The expression of IL-20R1 and IL-20R2 was also upregulated by human umbilical vein endothelial cells in response to hypoxic treatment. Incubating IL-20 with human umbilical vein endothelial cells upregulated CXCL9 and CXCL11 transcripts. Furthermore, in vivo administration of IL-20 expression vector using intramuscular electroporation promoted atherosclerosis in apolipoprotein E-deficient mice. Conclusions-Our data suggest that IL-20 is a proatherogenic cytokine that contributes to the progression of atherosclerosis. (Arterioscler Thromb Vasc
A therosclerosis is a chronic inflammatory disease of the arterial wall characterized by the progressive accumulation of lipids, extracellular matrix, and cells, including macrophages, T lymphocytes, and smooth muscle cells. 1 Inflammation plays a major role in atherosclerotic plaque disruption and thrombosis; therefore, it greatly influences the occurrence of coronary syndromes and mortality. [2] [3] [4] Foam cell macrophages are generally thought to play a major role in the pathology of the disease. 2 Activated macrophages secrete cytokines and chemokines that direct and amplify the local immune response. Inflammatory stimuli include lipoproteins trapped within lesions in which protein and lipid moieties have been chemically modified. Lipid-engorged macrophages, or foam cells, comprise the major volume of the early lesions and are enriched in late-stage lesions as well. 3, 5 In situ studies of human and animal atherosclerotic lesions have identified the increased expression of several chemokines, cytokines, and tissue-remodeling and lipid metabolism genes. 6 Antibodies to oxidized low-density lipoprotein (Ox-LDL) epitopes and increases in circulating proinflammatory cytokines correlate with vascular disease. 7 In addition, exposure to OxLDL alters the transcription response of macro-phages to inflammatory stimuli. 8 These studies implicate activated macrophages and other inflammatory cells in the development and progression of atherosclerosis.
Angiogenesis is also crucial in the progression of atherosclerosis plaque formation. The clinical importance of the neovascularization of plaque has been demonstrated by a higher prevalence of neovascularization in lesions with plaque rupture, mural hemorrhage, or unstable angina. 9 Therefore, factors that stimulate plaque angiogenesis also contribute to plaque disruption, which is responsible for myocardial infarction and ischemic stroke. Angiogenesis inhibitors such as endostatin reduce intimal neovascularization and plaque growth in apolipoprotein E-deficient (apoE Ϫ/Ϫ ) mice. 10 This evidence further supports the importance of angiogenesis in the pathogenesis of atherosclerosis.
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An imbalance between the demand and supply of oxygen is another key factor for the development of atherosclerotic lesions. In vivo, zones of hypoxia occur within the atherosclerotic plaque through the mechanism of impaired oxygen diffusion capacity caused by the thickness of the lesion, together with high oxygen consumption by foam cells. 11 This observation supports the anoxemia theory of atherosclerosis. 12 IL-10, important in atherosclerotic lesion formation and stability, is a protective factor against the effect of environmental pathogens on atherosclerosis. 13 IL-10 was originally described as a cytokine-synthesis inhibitory factor because of its inhibitory effect on cytokine production. 14 Several new  members of the IL-10 family, including IL-19, IL-20, IL-22 , MDA-7 (IL-24), and AK155 (IL-26), have recently been discovered. 15 Overexpression of IL-20 in transgenic mice causes neonatal death as well as skin abnormalities, including aberrant epidermal differentiation. 16 IL-20 selectively enhances multipotential hematopoietic progenitors in vitro and in vivo. 17 IL-20 is preferentially expressed in monocytes 18 and induces STAT 3 activation through binding to 2 types of IL-20 receptor (R) complexes, either IL-20R1/IL-20R2 or IL-22R1/IL-20R2. 19 Our recent study 20 demonstrated that IL-20 induced endothelial cell proliferation, migration, and vascular tube formation in vitro and tumor angiogenesis in vivo. IL-20 stimulates angiogenic activity either directly or indirectly through inducing vascular endothelial growth factor (VEGF), bFGF, and IL-8 production. Angiogenesis is one of the characteristics of atherosclerosis. We therefore wanted to investigate the molecular mechanism of IL-20 to determine whether it, like IL-10, had any association with atherosclerosis. ApoE Ϫ/Ϫ mice reveal the phenotype of atherosclerosis. 21 Thus, we investigated the expression pattern of IL-20 and its receptors on atherosclerotic lesions of humans and apoE Ϫ/Ϫ mice using immunohistochemical staining. We also examined the regulation of IL-20 and its receptors under hypoxia or OxLDL stimulation and the effect of IL-20 on chemokine regulation in endothelial cells. To study the in vivo activity of IL-20, using intramuscular electroporation, we injected IL-20 expression vector into apoE Ϫ/Ϫ mice and monitored the progression of atherosclerosis plaques.
Materials and Methods
Please see http://atvb.ahajournals.org for detailed Materials and Methods
Results

Upregulation of IL-20 and Its Receptors in Atherosclerotic Lesions of apoE ؊/؊ Mice
Chronic inflammation plays a pivotal role in the progression of atherosclerosis. IL-10 exerts important protective effects against the development of atherosclerotic lesions in experimental animals. IL-20 promotes angiogenesis in vitro and in vivo. Therefore, we wanted to see whether IL-20 was also associated with atherosclerosis. ApoE Ϫ/Ϫ mice demonstrate the atherosclerosis phenotype. 21 Thus, we performed immunostaining to analyze the expression of IL-20 and its receptors in the atherosclerotic lesions in apoE Ϫ/Ϫ mice and normal C57BL/6 mice. We found that IL-20 was upregulated in the atherosclerosis plaque of apoE Ϫ/Ϫ mice compared with normal C57BL/6 mice (supplemental Figure These results indicated that both IL-20 and IL-20 receptors were induced in atherosclerosis plaque and were markedly upregulated in the endothelium of atherosclerotic aortas. It is likely that foam cells/macrophages are the major producers of IL-20 in the plaques.
Expression of IL-20, IL-20R1, and IL-20R2 in Human Atherosclerotic Artery
The expression of IL-20, IL-20R1, and IL-20R2 was also examined in paraffined sections of surgical femoral arterial samples from peripheral arterial occlusion patients. In these sections, pronounced thickening occurred in the intima and media, both of which exhibited extensive angiogenesis. IL-20 was detected in endothelial cells lining the microvessels and macrophage-derived foam cells that exhibited positive staining for CD68 ( Figure 1Aa , f). Both IL-20R1 and IL-20R2 were detected primarily in endothelial cells of the vasa vasorum (Figure 1Ab, d) . By contrast, IL-20R1 and IL-20R2 were expressed at lower levels in the endothelium of normal aorta sections whereas IL-20 was not detected in normal aorta sections (Figure 1Ag , h, j). In addition, none of these proteins was significantly expressed in the smooth muscle cells of atherosclerotic lesions. A high-power field (200ϫ) magnification of an atherosclerotic lesion is shown in Figure 1B .
OxLDL Induced the Expression of IL-20 in Monocytes
IL-20 and its receptors were upregulated both in human and mice atherosclerotic lesions (supplemental Figure I and Figure  1 ). We speculated that IL-20 was induced by existing inflammatory stimuli in the atherosclerotic lesions. OxLDL has been shown to promote foam cell formation and compromise endothelial function by triggering the secretion of chemokines and increasing the expression of leukocyte adhesion molecules. 5 To examine whether OxLDL stimulated IL-20 expression, we used reverse-transcription polymerase chain reaction (RT-PCR) to determine IL-20 mRNA level in OxLDL-treated human peripheral monocytes. Our results revealed that OxLDL, like the positive control lipopolysaccharide (LPS), induced IL-20 expression in human peripheral monocytes ( Figure 2A ) and mouse RAW264.7 macrophages ( Figure 2B ). We further confirmed the result using real-time PCR ( Figure 2C ). These results could explain the co-localization of foam cells and IL-20 in immunohistochemical staining (Figure 1 ).
IL-20 Did Not Affect OxLDL Uptake by Macrophages
We further analyzed whether IL-20 affected OxLDL uptake by macrophages in vitro. Mouse peritoneal macrophages (supplemental Figure II A IL-20 had no effect on OxLDL uptake by macrophages. Thus, OxLDL induced IL-20 production by monocytes, but it did not enhance OxLDL-induced foam cells formation.
Hypoxia Induced the Expression of IL-20 and Its Receptors
Hypoxia induces various angiogenesis factors and results in neovascularization in ischemic tissues. Neovascularization in atherosclerotic plaque was associated with its hypoxic zones. IL-20 and its receptors were upregulated in atherosclerotic lesions in a mouse model and human samples. Therefore, we speculated that IL-20 and its receptors might be induced under hypoxic conditions. CoCl 2 is known to elicit hypoxialike responses by activating hypoxia-inducible factor-1␣ (HIF-1␣) in vitro. 23, 24 To evaluate whether IL-20 is upregulated under hypoxic conditions, we used RT-PCR to determine IL-20 mRNA level in CoCl 2 -treated human peripheral monocytes. Our results demonstrated that CoCl 2 induced IL-20 in monocytes ( Figure 3A, 3B ). We further examined the effect of hypoxia on the expression of IL-20 and its receptors in endothelial cells. CoCl 2 treatment upregulated the transcripts of IL-20, IL-20R1, and IL-20R2, but it did not significantly upregulate the transcripts of IL-22R1, in human umbilical vein endothelial cells (HUVECs) ( Figure 3C ). Furthermore, we incubated HUVECs in the chamber supplied with only 1% O 2 to mimic a hypoxia condition for 12 hours and analyzed the transcripts of IL-20 and its receptors. The similar results of upregulation of IL-20 and its receptors were observed ( Figure  3D ). Thus, hypoxia stimulated the expression of IL-20 on monocytes and HUVECs and its receptors on HUVECs. These data are consistent with observations in immunohistochemical staining of atherosclerotic lesions.
IL-20 Induced Chemokines, Mig/CXCL9, and I-TAC/CXCL11, in Endothelial Cells
Recruitment of T lymphocyte into the atherosclerotic lesions is a prominent process during progression of atherosclerosis. 2 Three CXCR3 ligands, chemokines induced by IFN-␥, Mig/CXCL9, IP-10/CXCL10, and I-TAC/CXCL11, mediate the process of T lymphocyte recruitment and are present in atheroma-associated cells. 25 To investigate whether IL-20 induced chemokine production and thus, recruited T lymphocyte, we analyzed the effect of IL-20 on chemokines production in endothelial cells. HUVECs were incubated with IL-20 and analyzed using RT-PCR. The transcripts of CXCL9 and OxLDL induced IL-20 in monocytes. Human peripheral monocytes (A) and mouse RAW264.7 macrophages (B) were exposed to PBS, native LDL (100 g/mL), OxLDL (1, 20, 100 g/mL), or LPS (10 ng/mL) for 6 hours. Total RNA was then isolated for RT-PCR analyses, and ␤-actin was the internal control. C, Total RNA underwent real-time PCR analysis to confirm the result of OxLDL-treated human monocytes. Fold increases of the transcripts are represented as 2 Ϫ⌬⌬Ct Ct: retention time.
CXCL11, but not CXCL10, were upregulated by IL-20 in HUVECs ( Figure 3E ) as well as in human microvessel endothelial cells (HMECs) ( Figure 3F ).
Mouse IL-20 Promoted Angiogenesis In Vivo
We have shown human IL-20 promotes HUVECs proliferation, migration in vitro, and tumor angiogenesis in vivo. 20 To further examination whether mouse (m) IL-20 also enhanced angiogenesis in vivo, mouse hepatoma cells, ML-1, were dorsally co-injected with Matrigel-containing saline, mIL-20, mIL-20 plus anti-mIL-20R1 antibody, or VEGF into Balb/c mice (Laboratory Animal Center, NCKU; Tainan, Taiwan). After 7 days, tumors were excised and immunohistochemical stained with CD31 for microvessel density analysis (supplemental Figure III ). mIL-20, similar to VEGF, enhanced vascularization around the solid tumors compared with saline-treated control (supplemental Figure IIIA) . CD31 staining also showed higher microvessel density in mIL-20 treated tumors than that in saline-treated tumors (supplemental Figure IIIB 
IL-20 Promoted Atherosclerosis in ApoE ؊/؊ Mice
To further investigate the role of IL-20 in atherosclerosis in vivo, we performed intramuscular electroporation to deliver the mIL-20 expression construct into apoE Ϫ/Ϫ mice. The serum levels of mIL-20 after electroporation were measured using enzyme-linked immunosorbent assay ( Figure 4A ). The mIL-20 protein level peaked at the first week after electroporation and gradually leveled off in the mice treated with mIL-20 plasmid DNA. Administration of mIL-20 led to enhanced en face lesion areas of aortas ( Figure 4B, 4C) , lesion area of aortic sinus, and an increased area of Mac-3positive (macrophages) in the aortic sinus. However, no significant difference in the percentage of Mac-3-positive area (Mac-3-positive area/lesion area) was observed between the groups (supplemental Table II ). Additionally, in consistent with the in vitro result, the expression of Mig and I-TAC were also higher in aortas form pcDNA3.1-mIL-20 -treated A, B) and HUVECs (C) were exposed to normoxia (PBS), 100 mol/L CoCl 2 , 500 mol/L CoCl 2 , or 100 ng/mL LPS for 6 hours. In another experiment, HUVECs were incubated in chambers under normoxia (21% O 2 , 5% CO 2 ) or hypoxia (1% O 2 , 5% CO 2 ) condition for 12 hours (D). RNA was then isolated for RT-PCR analysis, and HPRT or ␤-actin was used as an internal control. Equal amounts of cDNA and primers specific for IL-20, IL-20R1, IL-20R2, and IL-22R1 were used in PCR to amplify the transcripts. HUVECs (E) or HMECs (F) were incubated with PBS, hIL-20 (200 ng/mL), or IFN-␥ (10 ng/mL) for 6 hours. Total RNA was then isolated for RT-PCR analysis as described. The relative quantity of PCR products was analyzed using the BIO-PROFIL program and expressed as a fold-increase relative to untreated control cells. The experiment was repeated three times with similar results. mice than that from control mice. Furthermore, proinflammatory cytokines tumor necrosis factor-␣ and IL-6 were also upregulated in the aortas ( Figure 4D ). These results suggest that IL-20 is a proatherogenic factor and may contribute to the pathogenesis of atherosclerosis.
Discussion
More characteristics of the biological activities of IL-20 were demonstrated by the expression profiles of IL-20 and its receptors. 16, 18, 26, 27 Our current work provides evidence to support the notion that expression of IL-20 and its receptors is associated with the development of atherosclerosis, though much remains to be elucidated about the physiological and pathogenic roles of IL-20 and its receptors. Results from immunohistochemical staining demonstrated that IL-20 and its receptor complex IL-20R1/IL-20R2 were indeed expressed in atherosclerotic lesions from human patients as well as apoE Ϫ/Ϫ mice (supplemental Figure I and Figure 1 ). Because macrophages are known to secrete IL-20, codistribution of IL-20 and the macrophage marker Mac-3 (mouse) and CD68 (human) in atherosclerotic lesions suggests that macrophages are the major source of IL-20 in the atherosclerotic lesions (supplemental Figure I and Figure 1 ). IL-20 and its receptor complex IL-20R1/IL-20R2 were expressed at minimum to undetectable level in the aorta of C57BL/6 normal mice and normal human aorta, whereas their expression increased in endothelial cells lining the intimal microvessel, vasa vasorum. These results indicate that IL-20 may involve in the progression of atherosclerosis plaque by regulating the intimal neovascularization.
The formation of new microvessels in human atherosclerotic plaque is associated with high cellular proliferation activity in the plaque. 28 Neovascularization is required for atherosclerotic plaque development. 12 Administration of the antiangiogenic drugs endostatin and TNP-470 to apoE Ϫ/Ϫ mice reduces both plaque growth and intimal neovascularization. 10 Recently, our study showed IL-20 induced the proliferation and migration of endothelial cells in vitro, and promoted tumor angiogenesis in vivo. In addition, IL-20 also induced matrix metalloproteinase-2, VEGF, and IL-8 expression by HUVECs. 20 In the present study, we also showed mouse IL-20 promoted angiogenesis in vivo through IL-20R1 in a mouse model (supplemental Figure III) . Therefore, it can be postulated that an increased secretion of IL-20 by macrophages and endothelial cells may serve as paracrine or autocrine factors for endothelial cells. The increased IL-20 secretion in combination with upregulation of IL-20 receptors on endothelial cells will promote the migration and proliferation of endothelial cells, thereby stimulating angiogenesis in atherosclerotic lesions. In another report, 29 IL-20 inhibited PMA-induced angiogenesis by inhibiting COX-2. It is possible that IL-20 regulates angiogenesis via proangiogenic and antiangiogenic activities in different tissue types according to the microenvironment and different receptor complex used.
In the animal model, we did not detect significant CD31positive staining on the intimal vasa vasorum in the aortic arches sections (data not shown). This may be attributed to the angiogenesis-mediated neovascularization occurred at the late stage of plaque development. 30 Thus, it was not clear whether IL-20 regulated angiogenesis during atherosclerotic plaque de-velopment in the apoE Ϫ/Ϫ model. Nevertheless, we did not exclude the possibility that IL-20 regulates angiogenesis in human atherosclerotic lesions. There may be some difference in the molecular mechanism of atherosclerotic plaque development between animal model and human. The effect of IL-20 on the regulation of angiogenesis during atherosclerotic plaque development awaits further investigation.
Initiation and progression of atherosclerosis are dependent on an inflammatory environment. Proinflammatory cytokines play a pivotal role in perpetuating this environment. However, mechanisms regulating the expression of IL-20 and its receptors remain poorly understood. Our results demonstrated that LPS, OxLDL, and hypoxic condition could contribute to increase of IL-20 production by monocytes. Furthermore, hypoxic condition also increased the expression of IL-20, IL-20R1, and IL-20R2 by HUVECs (Figure 3) .
A hypoxic zone occurs at an atherosclerotic lesion 11 and is associated with the angiogenesis process and inflammation. 31 In response to hypoxia, HIF-1␣ induces gene expression by binding to the hypoxia response element on the promoter of hypoxia-inducible genes. Treatment with CoCl 2 induced IL-20 transcription by human monocytes. IL-20 and the receptors, IL-20R1 and IL-20R2, were expressed on HUVECs under normoxia. Induction of hypoxia by CoCl 2 or 1% O 2 treatment significantly increased the expression of IL-20 and its receptors in HUVECs (Figure 3 ). We have found some potential hypoxia response elements upstream of IL-20 gene. These HIF-1␣ binding motifs may be responsible for upregulation of IL-20 under hypoxia condition (unpublished data). This provides a mechanism for upregulation of IL-20 in atherosclerotic lesions by macrophages and endothelial cells, and upregulation of the IL-20 receptors by endothelial cells.
The 3 CXCR3 ligands (Mig/CXCL9, IP-10/CXCL10 and I-TAC/CXCL11) were differentially expressed by human atheroma-associated cells and mediate the recruitment of T lymphocytes into the inflammation sites. 25, 32 Our result demonstrated that IL-20 induced Mig/CXCL9 and I-TAC/CXCL11 but not IP-10/CXCL10 in endothelial cells ( Figure 3E, F) . In consistent with the in vitro data, the mRNA levels of Mig and I-TAC were also elevated in the aortas from IL-20 plasmid DNA treated mice ( Figure 4D) . Thus, IL-20 induced Mig and I-TAC in vitro and in vivo, indicating IL-20 may play an important role to recruit T lymphocytes to accumulate in the atheroma during the plaque formation.
Systemic delivery of IL-20 by intramuscular electroporation resulted in increased atherosclerotic lesion areas in apoE Ϫ/Ϫ mice (Figure 4 and supplemental Table II ). These results suggest that IL-20 acts as a proatherogenic cytokine. We found that IL-20, unlike IL-10, did not enhance OxLDL uptake and foam cells formation in vitro (supplemental Figure II) . The proatherogenic effect of IL-20 might be mediated through persistent higher serum levels of IL-20 by acting on vascular endothelial cells directly or indirectly through other mediators (Mig, I-TAC, VEGF) in inflamed lesions. The upregulation of IL-6 and tumor necrosis factor-␣ also revealed the role of IL-20 in enhancing intraplaque inflammation ( Figure 4D ). Thus, neutralization of IL-20 may constitute an attractive new strategy for the treatment of atherosclerosis.
Transgenic mice expressing IL-20 controlled by various tissue promoters reveal similar neonatal death effect. 16 However, injection of IL-20 protein into normal Balb/c mice has no effect on skin phenotype or any lethal effect. 17 In this study, we used the intramuscular electroporation to systemically deliver the IL-20 gene construct to the apoE Ϫ/Ϫ mice without any lethal effect or significant pathological change. Therefore this approach could be useful for further exploring the biological function of IL-20 in vivo. However, repeated electroporation may induce muscle necrosis or tolerance that could explain mIL-20 protein gradually leveled off after the first week.
In summary, we found that IL-20 is associated with atherosclerosis because both IL-20 and its receptor subunits are expressed in atherosclerotic lesions of apoE Ϫ/Ϫ mice and in human atherosclerotic arteries. In vitro, the expression of IL-20 was upregulated in monocytes with OxLDL and hypoxic stimulation. IL-20 also induced chemokines expression in HUVECs and systemic delivery of IL-20 in apoE Ϫ/Ϫ mice led to increased atherosclerotic lesion areas, suggesting that IL-20 is a novel proatherogenic cytokine. Because the biological functions and clinical implications of IL-20 remain to be explored, our findings provide evidence of the association between IL-20 and atherosclerosis.
